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ABSTRACT: Ion migration, which occurs in regular
three-dimensional perovskites, is shown to be sup-
pressed in low-dimensional perovskites both in the dark
and under illumination, an indication of better stability
of these materials for solar cells and light-emitting
diodes.
Organic−inorganic hybrid perovskites are gainingincreasing attention in the optoelectronic fields fortheir applications in solar cells, light-emitting diodes,
photodetectors, and radiation detectors.1 However, the intrinsic
stability of regular three-dimensional (3D) perovskites such as
CH3NH3PbI3 is limited by the very small formation enthalpy of
−0.05 eV,2 which hinders their applications in the real world.
Low-dimensional perovskite materials have been shown to
possess much larger formation energy and exhibit enhanced
ambient stability.3,4 The efficiencies of two-dimensional (2D)
perovskite solar cells were lower than 5% at the earlier stage of
research because of the low mobility of charges for transporting
between the sheets crossing the thicker organic spacing ligand.3,4
Recently, a breakthrough has been made by aligning the
crystallographic planes of the inorganic perovskite component
to be vertical to the substrates using a hot-casting method, which
increased the efficiency of the layered perovskite solar cells to
12.5%.5 A higher efficiency of 15.3% by increasing the layer (n)
values in low-dimensional perovskites has been reported.2 One
issue arising with the quantum confinement effect of the low-
dimensional perovskites is that the exciton binding energy is far
beyond the thermal activation energy at room temperature. It
was proposed that the layer-edge-states (LES) with lower band
gap contribute to the dissociation of excitons into free-carriers in
Ruddlesden−Popper perovskites with n > 2.6
Recent studies show the improved ambient stability and
thermal stability of the low-dimensional perovskite films, while
there is no study yet on the ion migration stability in these
materials, which represents a big concern for the 3D perovskites
for solar cell applications.7 The low-dimensional perovskites have
been employed in field-effect transistors8 and in light-emitting
devices.9,10 These devices generally operate under large applied
electric field and thus need an even much lower ion migration
rate for a reasonable stability.
In this Energy Express, we investigate the ion migration
stability in the Ruddlesden−Popper type low-dimensional
perovskites by measuring the ion conductivity and ion migration
activation energy. The crystal structure of 2D perovskites
(BA)2(MA)3Pb4I13 (n = 4) used in this study is shown in the
Abstract graphic; these perovskites have been reported to yield
the highest efficiency among 2D perovskites with the layer (n)
values less than six. The anionic inorganic layers are separated
from one another by the organic n-butylammonium (BA) spacer
cations. These layered structures stack together to form 2D
perovskites. The X-ray diffraction (XRD) pattern is shown in
Figure 1a. Three diffraction peaks at 14.20°, 28.48°, and 43.28°
are indexed to be (1 ̅11̅), (202), and (313) crystallographic
planes, respectively.5 The optical absorption and photo-
luminescence spectra of perovskite films are shown in Figure
1b. The PL peak position gives an optical band gap of 1.70 eV. No
obvious excitonic absorption peak was observed, indicating that
the excitons are almost ionized into free carriers at room
temperature by the presence of the LES in (BA)2(MA)3Pb4I13.
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The top-view and cross-sectional scanning electron microscopy
(SEM) images are shown in Figure 1c. The pinhole-free films
formed by regular hot-casting method without antisolvent.
The activation energy of ionic conductivity can quantitatively
characterize the rate of ion migration, which can be extracted
from the temperature-dependent electrical conductivity by the
Nernst−Einstein relation: σ(T) = (σ0/T) exp(−Ea/KT), where k
is the Boltzmann constant, σ0 a constant, andT temperature. The
device geometry for conductivity measurement is shown in
Figure 1d. The temperature-dependent conductivity was
measured in the dark and under 0.25 sun illumination for both
3D CH3NH3PbI3 and 2D (BA)2(MA)3Pb4I13 films (Figure 1e,f).
The conductivity in the low-temperature region is mainly
ascribed to electronic conduction, because ion migration is
suppressed. For the 3D CH3NH3PbI3 film, when temperature is
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increased to 260 K, ionic conductivity begins to dominate the
total conductivity. The activation energy for ion conduction was
fitted to be 0.19 eV in the dark and reduced to 0.03 eV under 0.25
sun illumination. The large activation of 0.19 eV is assigned to ion
migration, and small activation of 0.03 eV agrees well with
previous reports.11 The transition temperature for electronic- to
ion migration-dominated conduction was also reduced from 260
K in the dark to 240 K under illumination. It should be noted that
the activation energy of ion migration in 3D CH3NH3PbI3 is
sensitive to the grain size and crystallinity of the 3D
CH3NH3PbI3 grains and can vary depending on the fabrication
process.
For 2D (BA)2(MA)3Pb4I13 films, we did not observe such a
transition process from electronic to ionic conductivity when the
temperature was increased to 330 K for the films both in the dark
and under illumination. A constant slope was observed with an
activation energy of 41± 7meV, which should be in the range for
electronic conduction. This result well confirms the suppression
of ion migration up to 330 K in 2D perovskite films. We believe
that organic spacing layers in 2D perovskites should cause the
absence of notable ion migration, while it is not clear yet whether
there is contribution from the special geometry of grain
boundaries in 2D perovskite films.
The absence of obvious ion migration in 2D perovskites
should impact the device efficiency and stability. The ion
migration-related phenomena, including photocurrent hystere-
sis, such as switchable photovoltaics,11 photoinduced poling
effect,12 light-induced phase separation,13 giant dielectric
constant,14 and self-healing,15 will be unlikely to occur. It will
also alleviate the ion migration-related degradation process. The
ion migration in 3D perovskite devices can accelerate the
decomposition of perovskite films, create defects as nonradiative
recombination centers, and cause degradation of charge
transport layers and corrosion of metal electrodes. Apart from
the enhanced moisture resistance introduced by the hydro-
phobicity of the long BA cation chain, we speculate that the
moisture and oxygen ingression in low-dimensional perovskite
films may be also suppressed because of the suppression, which








The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
This work was supported by the Office of Naval Research
(N00014-17-1-2163 and N00014-15-1-2713) and National
Science Foundation (DMR-1505535). Y.L. thanks the support
from China Scholarship Council.
■ REFERENCES
(1) Wei, W.; Zhang, Y.; Xu, Q.; Wei, H.; Fang, Y.; Wang, Q.; Deng, Y.;
Li, T.; Gruverman, A.; Cao, L.; et al. Nat. Photonics 2017, 11, 315−321.
(2) Quan, L. N.; Yuan, M.; Comin, R.; Voznyy, O.; Beauregard, E. M.;
Hoogland, S.; Buin, A.; Kirmani, A. R.; Zhao, K.; Amassian, A.; et al. J.
Am. Chem. Soc. 2016, 138, 2649−2655.
(3) Smith, I. C.; Hoke, E. T.; Solis-Ibarra, D.; McGehee, M. D.;
Karunadasa, H. I. Angew. Chem. 2014, 126, 11414−11417.
(4) Cao, D. H.; Stoumpos, C. C.; Farha, O. K.; Hupp, J. T.; Kanatzidis,
M. G. J. Am. Chem. Soc. 2015, 137, 7843−7850.
(5) Tsai, H.; Nie, W.; Blancon, J.-C.; Stoumpos, C. C.; Asadpour, R.;
Harutyunyan, B.; Neukirch, A. J.; Verduzco, R.; Crochet, J. J.; Tretiak, S.;
et al. Nature 2016, 536, 312−316.
(6) Blancon, J.-C.; Tsai, H.; Nie, W.; Stoumpos, C.; Pedesseau, L.;
Katan, C.; Kepenekian, M.; Soe, C.; Appavoo, K.; Sfeir, M.; et al. Science
2017, 355, 1288−1292.
(7) Yuan, Y.; Huang, J. Acc. Chem. Res. 2016, 49, 286−293.
(8) Kagan, C.; Mitzi, D.; Dimitrakopoulos, C. Science 1999, 286, 945−
947.
(9) Wang, N.; Cheng, L.; Ge, R.; Zhang, S.; Miao, Y.; Zou, W.; Yi, C.;
Sun, Y.; Cao, Y.; Yang, R.; et al. Nat. Photonics 2016, 10, 699−704.
(10) Yuan, M.; Quan, L. N.; Comin, R.; Walters, G.; Sabatini, R.;
Voznyy, O.; Hoogland, S.; Zhao, Y.; Beauregard, E. M.; Kanjanaboos, P.;
et al. Nat. Nanotechnol. 2016, 11, 872−877.
(11) Yuan, Y.; Chae, J.; Shao, Y.; Wang, Q.; Xiao, Z.; Centrone, A.;
Huang, J. Adv. Energy Mater. 2015, 5, 1500615−1500621.
(12) Deng, Y.; Xiao, Z.; Huang, J. Adv. Energy Mater. 2015, 5,
1500721−1500726.
(13) Hoke, E. T.; Slotcavage, D. J.; Dohner, E. R.; Bowring, A. R.;
Karunadasa, H. I.; McGehee, M. D. Chem. Sci. 2015, 6, 613−617.
(14) Juarez-Perez, E. J.; Sanchez, R. S.; Badia, L.; Garcia-Belmonte, G.;
Kang, Y. S.; Mora-Sero, I.; Bisquert, J. J. Phys. Chem. Lett. 2014, 5, 2390−
2394.
(15) Zhao, Y.; Wei, J.; Li, H.; Yan, Y.; Zhou, W.; Yu, D.; Zhao, Q. Nat.
Commun. 2016, 7, 10228−10236.
Figure 1. XRD (a), absorption and photoluminescence spectrum (b), and SEM image (c) of 2D perovskite (BA)2(MA)3Pb4I13 films; temperature-
dependent conductivity measurement geometry (d) and the results of MAPbI3 (e) and (BA)2(MA)3Pb4I13 (f) polycrystalline films.
